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Abstract. We study baryon asymmetry generation originated from the leptogenesis in the
presence of hypermagnetic fields in the early Universe plasma before the electroweak phase
transition (EWPT). For the simplest Chern-Simons (CS) wave configuration of hypermag-
netic field we find the baryon asymmetry growth when the hypermagnetic field value changes
due to α2-dynamo and the lepton asymmetry rises due to the Abelian anomaly. We solve the
corresponding integro-differential equations for the lepton asymmetries describing such self-
consistent dynamics for lepto- and baryogenesis in the two scenarios : (i) when a primordial
lepton asymmetry sits in right electrons eR; and (ii) when, in addition to eR, a left lepton
asymmetry for eL and νeL arises due to chirality flip reactions provided by inverse Higgs
decays at the temperatures, T < TRL ∼ 10TeV. We find that the baryon asymmetry of the
Universe (BAU) rises very fast through such leptogenesis, especially, in strong hypermagnetic
fields. Varying (decreasing) the CS wave number parameter k0 < 10
−7TEW one can recover
the observable value of BAU, ηB ∼ 10−9, where k0 = 10−7TEW corresponds to the maximum
value for CS wave number surviving ohmic dissipation of hypermagnetic field. In the scenario
(ii) one predicts the essential difference of the lepton numbers of right - and left electrons
at EWPT time, LeR − LeL ∼ (µeR − µeL)/TEW = ∆µ/TEW ≃ 10−5 that can be used as an
initial condition for chiral asymmetry after EWPT.
Keywords: primordial magnetic fields, leptogenesis, baryon asymmetry, cosmological neu-
trinos
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1 Introduction
It is well known that, at the high-temperature symmetric phase of the Standard Model (SM)
all gauge bosons acquire a “magnetic” mass gap ∼ g2T , except for the Abelian gauge field
associated to the weak hypercharge. Such massless hypercharge field Yµ in the hot universe
plasma appears to be a progenitor of the Maxwellian field which evolves after ElectroWeak
Phase Transition (EWPT). The hypercharge field, in its turn, may arise from phase transi-
tions in the very early Universe, before EWPT, such as during the inflationary epoch [1].
In the absence of hypermagnetic fields the baryon asymmetry of the Universe (BAU)
can be produced through a leptogenesis. In particular, such a case was considered in Ref. [2]
assuming that an initial BAU, having a negligible value in our situation, is preserved since it
is stored in right electrons eR. Then violation of the lepton number due to Abelian anomaly
in a strong external hypercharge field provides the growth of lepton number from that value.
Meanwhile lepton- and baryon number evolution proceeds preserving B−L = const. Thereby
accounting for hypermagnetic fields one can enhance BAU as well. This allows us to assert
(see also in Ref. [3]) that fermion number “sits” in hypermagnetic field.
One can easily understand why the authors of Ref. [2] considered the scenario of BAU
generation with one lepton generation chosen as eR. They found that the tiny Yukawa
coupling to the Higgs for right electrons, he =
√
2me/v = 2.94 × 10−6, provides for such
leptons the latest entering the equilibrium with left particles through Higgs decays and inverse
decays. This means that any primordially-generated lepton number that occurred as eR may
not be transformed into eL soon enough switching on sphaleron interactions which wipe out
the remaining BAU.
While other right-handed lepton (and all quark) species enter the equilibrium with
corresponding left particles even earlier, e.g., because of hµ,τ ≫ he for leptons, they are
beyond game for BAU generation if their partial asymmetries are zero from the beginning.
On the other hand, in the presence of a nonzero right electron chemical potential,
µeR 6= 0, the Chern-Simons (CS) term ∼ µeRBYY arises in the effective Lagrangian for the
hypercharge field Yµ [3–5]. It modifies the Maxwell equation in SM with parity violation
producing additional pseudovector current J5 ∼ µeRBY in a plasma. It is this current
which leads to the important αY–helicity parameter in a modified Faraday equation. This
– 1 –
parameter appears to be scalar. We remind that the standard magnetohydrodynamic (MHD)
parameter, which is generated by vortices in plasma, αMHD ∼ −〈v·(∇×v)〉/3, is pseudoscalar.
Obviously in the isotropic early Universe such vortices are absent, at least, at large scales we
consider here.
The α2Y-dynamo amplification of a large-scale hypermagnetic field [6] for changing chem-
ical potential µeR(t) as well as its growth ∂tµeR > 0 due to the Abelian anomaly in the
self-consistent hypermagnetic field BY were never explored before in literature because of
the difficulties to solve the corresponding integro-differential equations. In the present work
we solve that problem in two scenarios.
First, in the case described in Sec. 2 as saturation regime, we can avoid the adiabatic
approach BY(t) ≈ const and µeR(t) ≈ const Ref. [3], using exact solutions of the integro-
differential equations for ∂tµeR 6= 0 (Sec. 3).
At temperatures T < TRL ≃ 10 TeV chirality flip reactions enter the equilibrium since
the rate of chirality flip processes, ΓRL ∼ T , becomes faster than the Hubble expansion
H ∼ T 2, ΓRL > H. This motivates us to consider in the second scenario the extended
equilibrium state at T < TRL when left leptons enter the equilibrium with eR through inverse
Higgs decays and acquire non-zero asymmetries ∼ µeL(T ) ≡ µνeL(T ) 6= 0 (Sec. 4).
The left lepton asymmetries can grow from a negligible (even zero) value at T < TRL
due to the corresponding Abelian anomaly which has the opposite sign relatively to the sign
of the anomaly for eR and because left leptons have different coupling constant g
′YL/2 with
hypercharge field. Such a difference guarantees the presence of leptogenesis in hypermagnetic
fields even below TRL all the way down to TEW. Hence it supports generation of the BAU.
Note that for T > TRL, before left leptons enter the equilibrium with right electrons,
the anomaly for them was not efficient since the left electron (neutrino) asymmetry was zero,
µeL = µνeL = 0, while a non-zero primordial right electron asymmetry, µeR 6= 0, kept the
baryon asymmetry at the necessary level. In other words, for T > TRL the Abelian anomaly
for left particles was present at the stochastic level, with 〈δjµL〉 = 0 = 〈EYBY〉 valid only on
large scales.
Since µeL ≡ µνeL 6= 0 at temperatures T < TRL there appear additional macroscopic
pseudovector currents in plasma J5 ∼ µeLBY which modify αY–helicity parameter governing
Maxwell equations for hypermagnetic (hyperelectric) fields. This occurs due to the same
polarization effect described for eR in Ref. [5] which led to the appearance of CS term in the
effective SM Lagrangian.
The kinetics of leptogenesis at temperatures TRL > T > TEW is considered in Sec. 5,
where we give some details how to solve the corresponding integro-differential equations.
In Sec. 6 we discuss our results illustrated in Figs. 1 and 2 for the particular case of the
CS wave configuration of hypermagnetic field.
2 Saturated regime of baryogenesis
Let us follow the scenario in Ref. [3] to discern approximations used there and in our approach.
There are five chemical potentials in symmetric phase corresponding to the five conserved
numbers. For the three global charges ni = B/3−Li conserved in SM there are three chemical
potentials µi, i = 1, 2, 3, and µY is the fourth chemical potential which corresponds to the
conserved hypercharge commuting with the SM Hamiltonian (global 〈Y 〉 = 0). The fifth
chemical potential µeR 6= 0 is the single partial chemical potential for fermions corresponding
– 2 –
to the right electron number perturbatively conserved unless Abelian anomaly is taken into
account.
Note that formally other partial fermion chemical potentials are zero since there are no
asymmetries for left leptons including neutrinos, no partial quark asymmetries, etc. There
are relations between all five chemical potentials (see Eq. (2.16) in Ref. [3]) given by the
conserved global charges including electroneutrality and hypercharge neutrality of plasma
〈Q〉 = 〈Y 〉 = 0.
Under such equilibrium conditions the last CS anomaly term in the effective Lagrangian
for the hypercharge field Yµ [3],
L = −1
4
YµνY
µν − JµY µ + g
′2µeR
4pi2
(BY ·Y), (2.1)
originated by the one-loop diagram in FTFT [4] at the finite fermion density (µeR 6= 0) in hot
plasma bath of the early Universe (T > TEW)
1 leads to the appearance of parity violation
terms in the Lagrange equations for hypermagnetic and hyperelectric fields. In particular,
the modified Maxwell equation takes the form,
− ∂EY
∂t
+∇×BY =
(
J+
g′2µeR
4pi2
BY
)
= σcond [EY +V ×BY + αYBY] , (2.2)
where the last pseudovector term originated by the CS term in Eq. (2.1) is given by the
hypermagnetic helicity coefficent
αY(T ) =
g′2µeR(T )
4pi2σcond(T )
, (2.3)
that is scalar. In the Lagrangian (2.1) and in Maxwell equation (2.2) the coefficient g′ =
e/ cos θW is the SM coupling, Jµ = (J0,J) is the vector (ohmic) current with zero time
component due to the electro-neutrality of the plasma as a whole, J0 = 〈Q〉 = 0. In Eq. (2.2)
we also used the Ohm law J/σcond = EY+V×BY and introduced conductivity σcond ∼ 100 T
for the hot universe plasma.
Note that a more transparent way suggested in Ref. [5] to get the CS term in Eq. (2.1)
allows to clarify its physical sense as the polarization effect in an external hypermagnetic
field.
Using the standard MHD approach one can neglect the displacement current ∂EY/∂t.
Then we obtain from the Maxwell equation (2.2) the hyperelectric field EY,
EY = −V ×BY + ∇×BY
σcond
− αYBY. (2.4)
Now one can easily find the change of the CS number density nCS = g
′2(BY ·Y)/8pi2,
∆nCS =
∫ tEW
t0
dt
dnCS
dt
= − g
′2
4pi2
∫ tEW
t0
(EY ·BY)dt, (2.5)
1We changed sign ahead the anomaly term in the SM Lagrangian comparing with what authors had in
Refs. [5, 6]. This is because of the definition of γ5 matrix for right fermions in Ref. [3] which the authors [5, 6]
relied on. Such choice of signs in Refs. [3, 5, 6] corresponds to the definition ψR = (1 − γ5)ψ/2. Note that
the change γ5 → −γ5 concerns also sign in the Abelian anomaly in Eq. (2.7). After such changes the latter
(Abelian anomaly) becomes exactly like in the book [8] (pg. 249) where ψR = (1 + γ5)ψ/2.
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that, in its turn, allows us to reveal the generation of BAU, ηB = (nB − nB¯)/s, via hyper-
magnetic fields,
ηB(tEW) = −
(
3
s
)
∆nCS =
3g′2
4pi2s
∫ tEW
t0
(
(∇×BY) ·BY
σcond
− αYB2Y
)
dt. (2.6)
Here s = 2pi2T 3g∗/45 is the entropy density; g∗ = 106.75 is the number of relativistic degrees
of freedom and we substituted in Eq. (2.5) the hyperelectric field from Eq. (2.4).
So far we neither used the dependence µeR(t) on time nor exploited leptogenesis through
hypercharge fields. To realize this idea authors of Ref. [3] suggested to account for the Abelian
anomaly for right electrons 2
∂jµR
∂xµ
= +
g′2Y 2R
64pi2
Yµν Y˜
µν = +
g′2
4pi2
(EY ·BY), YR = −2, (2.7)
that violates lepton number. In the uniform universe accounting for the right electron
(positron) asymmetry neR − ne¯R = µeRT 2/6 and adding the chirality flip processes (in-
verse decays eRe¯L → ϕ(0), eRν¯eL → ϕ(−)) with the equivalent rates, ΓRL and Γ = 2ΓRL, one
finds from Eq. (2.7):
∂µeR
∂t
=
6g′2(∇×BY) ·BY
4pi2T 2σcond
− (ΓB + Γ)µeR, (2.8)
where we substituted the hyperelectric field from Eq. (2.4) and neglected left electron (neu-
trino) abundance rising through inverse Higgs decays. Direct Higgs decays do not contribute
since one assumes for simplicity the zero Higgs boson asymmetry, nϕ = nϕ¯.
The rate of all inverse Higgs decay processes ΓRL [2],
ΓRL = 5.3 × 10−3h2e
(m0
T
)2
T =
(
Γ0
2tEW
)(
1− x√
x
)
, (2.9)
vanishes just at EWPT time, x = 1. Here he = 2.94 × 10−6 is the Yukawa coupling for
electrons, Γ0 = 121, variable x = t/tEW = (TEW/T )
2 is given by the Friedman law, m20(T ) =
2DT 2(1 − T 2EW/T 2) is the temperature dependent effective Higgs mass at zero momentum
and zero Higgs vacuum expectation value. The coefficient 2D ≈ 0.377 for m20(T ) is given by
the known masses of gauge bosons mZ , mW , the top quark mass mt and a still problematic
zero-temperature Higgs mass estimated as mH ∼ 125GeV (see Ref. [9]).
Note that the helicity term in Eq. (2.4) proportional to αY ∼ µeR entered Eq. (2.8) as
−ΓB µeR with the rate
ΓB =
6(g′2/4pi2)2B2Y
T 2σcond
.
Then in the adiabatic approximation s˙ = T˙ = 0 and ∂µeR/∂t = 0, we reproduce from
Eq. (2.8) the right electron chemical potential that is similar to Eq. (2.26) in Ref. [3] (with
the opposite sign!)
µeR ≈ 6g
′2(∇×BY) ·BY
4pi2T 2σcond(Γ + ΓB)
.
2The opposite (here positive) sign in the Abelian anomaly comparing with what was used in Ref. [3] and
in Refs. [5, 6] corresponds to the standard definition of γ5-matrix as in the case of analogous Adler anomaly
in QED calculated in the book [8]. See our footnote 1 above.
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Substituting αY with such a chemical potential into the integrand for the baryon asymmetry
in Eq. (2.6) we reproduce the result, cf. Eq. (2.32) in Ref. [3],
ηB(tEW) =
3g′2
4pi2s
∫ tEW
t0
(
1− ΓB
Γ + ΓB
)
(∇×BY) ·BY
σcond
dt
≃ 3g
′2Γ[(∇×BY) ·BY]
4pi2s(Γ + ΓB)σcond
(
M0
2T 2EW
)
, (2.10)
independently of the sign for γ5 we used here as it should be. In Eq. (2.10) we put ηB(t0) = 0
and used a saturated value BY independent of time. Then assuming approximately constant
integrand we substituted the expansion time tEW =M0/2T
2
EW, M0 =MPl/1.66
√
g∗.
In the scenario of Ref. [3], for the simplest CS wave configuration of the hypercharge
field, Y0 = Yz = 0, Yx = Y (t) sin k0z, Yy = Y (t) cos k0z, for which (∇×BY) ·BY = k0B2Y(t),
where BY(t) = k0Y (t), with the use of the rates Γ and ΓB defined above the integral in first
line in Eq. (2.10) takes the form,
ηB(x = 1) =7.3× 10−4
(
k0
10−7TEW
)
×
∫ 1
x0
(1− x′)x′2dx′
[1− x′ + 0.16x′2(BY(x′)/1020 G)2]
(
BY(x
′)
1020G
)2
. (2.11)
Here the parameter k0/10
−7TEW ≤ 1 is given by the maximum wave number surviving ohmic
dissipation of hypermagnetic fields at the finite conductivity σcond ≃ 100 T .
For completeness we present here the α2-dynamo formula from Ref. [5] for amplification
of the hypermagnetic field in the Fourier representation, BY(k, t) = B
(0)
Y exp[
∫ t
t0
(
αY(t
′)k −
ηY(t
′)k2
)
]dt′, with an arbitrary scale Λ ≡ k−1 = κηY/αY and κ > 1,
BY(x) = B
(0)
Y exp
[
42
(
1
κ
− 1
κ2
)∫ x
x0
dx′√
x′
(
ξeR(x
′)
10−4
)2]
. (2.12)
Here ξeR = µeR/T is the dimensionless right electron chemical potential, ηY = (σcond)
−1 is
the magnetic diffusion coefficient, and x = t/tEW ≤ 1 is the dimensionless time used above.
One can see from Eq. (2.11) that varying the two parameters: either the seed hypermagnetic
field B
(0)
Y in dynamo formula (2.12) or the CS wave number k0 (or both) one can obtain the
known BAU ηB(tEW) ≃ 6× 10−10.
3 Dynamical evolution of BAU in hypermagnetic fields beyond saturated
regime
For the lepton (baryon) asymmetry densities La = na − na¯ (B = nB − nB¯) using Hooft’s
conservation law for the electron generation,
2
dLeL
dt
+
dLeR
dt
=
1
3
d(nB − nB¯)/s
dt
=
1
3
dηB
dt
, (3.1)
assuming, as in Ref. [3], the absence of left lepton asymmetries, LeL = 0, and the direct
consequence of the Abelian anomaly for right electrons (2.7), dLeR/dt = (g
′2/4pi2s)(EY ·BY),
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we get BAU at the EWPT time coinciding with Eq. (2.6) in the adiabatic case s˙ = 0,
ηB(tEW) =
3g′2
4pi2
∫ tEW
t0
(
(∇×BY) ·BY
σcond
− αYB2Y
)
dt
s
. (3.2)
Let us use the notation x = t/tEW = (TEW/T )
2 taken from Friedman law and substitute
LeR = ξeRT
3/6s = yRT
3/(6s × 104).
Again using the CS wave configuration with (∇×BY) ·BY = k0B2Y(x) and relying on
the total kinetic equation for the right electron asymmetry in Eq. (2.8) where contrary to
Eq. (2.11) obtained from Eq. (2.8) in the saturation regime ∂tµeR(t) = 0, we get BAU in the
case ∂tµeR(t) 6= 0,
ηB(x) = 1.14 × 10−4
∫ x
x0
dx′
[
dyR(x
′)
dx′
+ Γ0
(1− x′)√
x′
yR(x
′)
]
. (3.3)
To obtain Eq. (3.3) we have solved the kinetic equation (2.8) rewritten in new dimensionless
notations in the form
dyR
dx
=
(
B0x
1/2 −A0yR
)( B(0)Y
1020G
)2
x3/2eϕ(x) − Γ0 (1− x)√
x
yR, (3.4)
where
B0 = 6.4
(
k0
10−7TEW
)
, A0 = 19.4,
are constants chosen for hypermagnetic fields normalized 3, the exponent eϕ is given by the
hypermagnetic field squared,
eϕ(x) =
(
BY(x)
B
(0)
Y
)2
,
and we substituted the hypermagnetic field in Eq. (2.12) with the fastest growth, κ = 2,
BY(x) = B
(0)
Y exp
[
10.5
∫ x
x0
y2R(x
′)dx′√
x′
]
, (3.5)
that corresponds to the hypermagnetic field scale Λ = 2ηY/αY.
The most important step in the solution of the complicated integro-differential equa-
tion (3.4) is the following. Accounting for the time derivative deϕ(x)/dx = (21y2R(x)/
√
x)eϕ(x)
with the exponent eϕ(x) given by Eq. (3.4) itself, or by the first derivative dyR/dx, let us
differentiate Eq. (3.4). One obtains the non-linear differential equation of the second order
which we solve numerically,
d2yR
dx2
−21y
2
R√
x
[
dyR
dx
+ Γ0
(1− x)√
x
yR
]
− (dyR/dx+ Γ0(1− x)yR/
√
x)
x3/2(B0x1/2 −A0yR)
×
(
3
2
B0x− 3
2
A0x
1/2yR −A0x3/2dyR
dx
)
+ Γ0
(1− x)√
x
dyR
dx
− Γ0 (1 + x)
2x3/2
yR = 0. (3.6)
3In numerical estimates we substitute the parameter k0/(10
−7 TEW) = 1 that is the upper limit for the CS
wave number, k0 ≤ 10
−7TEW, to avoid ohmic dissipation of hypermagnetic field.
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Figure 1. Chern-Simons wave configuration for hypermagnetic field BY(t) with the maximum wave
number k0/(10
−7 TEW) = 1 surviving ohmic dissipation. (a) Normalized chemical potential yR =
104× ξeR versus time. (b) Normalized hypermagnetic field versus time. (c) Baryon asymmetry versus
time. The solid lines correspond to B
(0)
Y = 10
20G, the dashed lines to B
(0)
Y = 10
21G, and the
dash-dotted lines to B
(0)
Y = 10
22G. (d) Baryon asymmetry versus time for the small wave number
k0/(10
−7 TEW) = 10
−7 and B
(0)
Y = 10
20G.
The initial conditions at x0 = (TEW/TRL)
2 = 10−4, TEW = 100GeV, TRL = 10TeV, are
chosen as yR(x0) = 10
−6 (or ξeR(x0) = 10
−10) and
dyR
dx
∣∣∣∣
x0
= [B0
√
x0 −A0yR(x0)]
(
B
(0)
Y
1020G
)2
x
3/2
0 − Γ0
(1− x0)√
x0
yR(x0). (3.7)
The growth of BAU ηB(t) given by Eq. (3.3) is illustrated in Fig. 1(c).
4 Abelian (triangle) anomaly for left electrons and left neutrinos
In contrast to QED where the electron lepton number is conserved and Abelian anomaly
terms in an external electromagnetic field Fµν [8],
∂jµL
∂xµ
= − e
2
16pi2
Fµν F˜
µν ,
∂jµR
∂xµ
= +
e2
16pi2
Fµν F˜
µν ,
– 7 –
do not contradict to this law, ∂µj
µ = ∂µ(j
µ
L + j
µ
R) = 0, the leptogenesis in presence of an
external hypercharge field Yµν always exists, ∂µ(j
µ
L + j
µ
R) 6= 0, since the coupling constants
e→ g′YR,L/2 are different for right singlet eR and left doublet L = (νeL, eL)T.
In addition to Abelian anomaly for right electrons below we assume the presence of
Abelian anomalies for the left doublet at the stage of chirality flip processes, T < TRL [5],
∂jµL
∂xµ
= −g
′2Y 2L
64pi2
Yµν Y˜
µν = − g
′2
16pi2
(EY ·BY), YL = −1. (4.1)
These anomalies provide the appearance of the left electron (neutrino) asymmetries. This
means that the new CS terms in effective Lagrangian with finite µeL ≡ µνeL 6= 0 should arise
due to the polarization mechanism [5].
Namely the 3-vector components JY5 for the statistically averaged left electron and
neutrino pseudocurrents,
JYj5 =
fL(g
′
)
2
[〈e¯γjγ5e〉+ 〈ν¯eLγjγ5νeL〉] ,
arise in plasma as additional macroscopic currents modifying Maxwell equations,
JY5 = −
g′2(µeL + µνeL)
16pi2
BY. (4.2)
Here the U(1) gauge coupling fL(g
′) = g′YL/2 plays the role of an “electric” charge associated
to UY(1), with YL = −1 being hypercharge of the left-handed electron (neutrino).
Obviously, µeL 6= µeR in the scenarios of Refs. [2, 3], where µeL = 0 is kept forever,
while we assume that only as an initial condition, µeL(t0) = 0 starting at T0 = TRL.
If we accept our ansatz with Abelian anomalies for left particles (4.1) we obtain from
the same Hooft’s rule (3.1) the reduced coefficient in the expression similar to Eq. (3.2)
3g′2/4pi2 → 3(g′2/pi2)[1/4 − 2 × (1/16)] = 3g′2/8pi2 and from Eq. (4.2) the modified helicity
coefficient αmodY in the hyperelectric field (2.4),
αmodY = +
g′2(2µeR + µeL)
8pi2σcond
. (4.3)
Finally the baryon asymmetry resulting from (3.1) takes the form:
ηB(tEW) =
3g′2
8pi2
∫ tEW
t0
(
(∇×BY) ·BY
σcond
− αmodY B2Y
)
dt
s
. (4.4)
Note that due to Higgs boson inverse decays the chemical potentials µeR(t) and µeL(t) en-
tering to αY (α
mod
Y ) are changed over time influencing also the amplitude of hypermagnetic
field BY(t) accordingly dynamo Eq. (2.12).
5 Kinetics of the leptogenesis
Note that we consider the stage of chirality flip processes when left electrons and left neutrinos
supplied by the Higgs decays (inversed decays) in the presence of right electrons enter the
equilibrium with the same densities at the temperatures below T < TRL, nL = neL = nνeL ,
having the same chemical potentials µeL = µνeL .
– 8 –
Accounting for the Abelian anomalies for eR and left doublet L = (νeL, eL)
T we get
the following system of kinetic equations for the charged lepton asymmetry densities, nR =
neR−ne¯R and nL = neL−ne¯L, or for the corresponding lepton numbers, LeL = LνeL = nL/s
and LeR = nR/s, [5]:
dLeR
dt
=
g′2
4pi2s
EY ·BY + 2ΓRL(LeL − LeR), for eRe¯L → ϕ(0), eRν¯eL → ϕ(−),
dLeL
dt
= − g
′2
16pi2s
EY ·BY + ΓRL(LeR − LeL), for e¯ReL → ϕ¯(0),
dLνL
dt
= − g
′2
16pi2s
EY ·BY + ΓRL(LeR − LeL), for e¯RνeL → ϕ(+). (5.1)
Here the factor=2 in the first line takes into account the equivalent reaction branches and
we neglected Higgs boson asymmetries, nϕ = nϕ¯, or the Higgs decays into leptons do not
contribute in kinetic equations (5.1).
One can easily see from the sum of equations (5.1) that in correspondence with BAU
given by Eq. (4.4) the inverse Higgs processes in the Hooft’s rule dηB/dt = 3[dLeR/dt +
dLeL/dt + dLνeL/dt] contribute via indirect way, through the hypermagnetic fields only.
Thus, baryon number sits in hypermagnetic field itself.
Below we write differential equations describing evolution of the right and left asym-
metries that follows from the kinetic equations (5.1). We solved them numerically with the
corresponding initial conditions and the solutions are illustrated in Fig. 2.
For right electrons eR we use the notation of the asymmetry yR(x) = 10
4 × ξeR(x) and
get from the first equation in (5.1) after differentiation, cf. Eq. (3.6),
d2yR
dx2
−21(yR + yL/2)
2
√
x
[
dyR
dx
+ Γ0
(1− x)√
x
(yR − yL)
]
− [dyR/dx+ (Γ0(1− x)/
√
x)(yR − yL)]
x3/2[B0x1/2 −A0(yR + yL/2)]
×
(
3
2
B0x− 3
2
A0x
1/2(yR + yL/2)−A0x3/2
[
dyR
dx
+
1
2
dyL
dx
])
+ Γ0
(1− x)√
x
(
dyR
dx
− dyL
dx
)
− Γ0 (1 + x)
2x3/2
(yR − yL) = 0. (5.2)
For left leptons (both eL and νeL) using the notation yL(x) = 10
4 × ξeL(x) one obtains
from the second equation in (5.1),
d2yL
dx2
+
21(yR + yL/2)
2
4
√
x
[
dyR
dx
+ Γ0
(1− x)√
x
(yR − yL)
]
+
1
4
[dyR/dx+ (Γ0(1− x)/
√
x)(yR − yL)]
x3/2[B0x1/2 −A0(yR + yL/2)]
×
(
3
2
B0x− 3
2
A0x
1/2(yR + yL/2) −A0x3/2
[
dyR
dx
+
1
2
dyL
dx
])
+ Γ0
(1− x)
2
√
x
(
dyL
dx
− dyR
dx
)
− Γ0 (1 + x)
4x3/2
(yL − yR) = 0. (5.3)
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The initial conditions at x0 = (TEW/TRL)
2 = 10−4, TEW = 100GeV, TRL = 10TeV, are
chosen as yR(x0) = 10
−6 (or ξeR(x0) = 10
−10) and
dyR
dx
∣∣∣∣
x0
= [B0
√
x0 −A0yR(x0)]
(
B
(0)
Y
1020G
)2
x
3/2
0 − Γ0
(1− x0)√
x0
yR(x0). (5.4)
For left particles we choose yL(x0) = ξeL(x0) = 0 and
dyL
dx
∣∣∣∣
x0
= −1
4
[B0
√
x0 −A0yR(x0)]
(
B
(0)
Y
1020G
)2
x
3/2
0 +
Γ0
2
(1− x0)√
x0
yR(x0). (5.5)
The BAU (4.4) for arbitrary x takes the form,
ηB(x) = 0.57× 10−4
∫ x
x0
dx′
{
dyR(x
′)
dx′
+ Γ0
(1− x′)√
x′
[
yR(x
′)− yL(x′)
]}
. (5.6)
Accounting for the modified helicity parameter αmodY given by (4.3) the α
2-dynamo
formula for the hypermagnetic field BY(x) in the case of the fastest growth, see Eq. (3.5),
takes the form,
BY(x) = B
(0)
Y exp
[
10.5
∫ x
x0
[yR(x
′) + yL(x
′)/2]2dx′√
x′
]
. (5.7)
6 Discussion
We study BAU evolution in the electroweak plasma of the early Universe in the epoch before
EWPT in the presence of a large-scale hypermagnetic field BY and assuming a primordial
right electron asymmetry µeR 6= 0 that grows in a hypercharge field due to the Abelian
anomaly. We considered dynamical BAU evolution in the two scenarios: (i) neglecting left
lepton asymmetry, µeL = yL = 0 (Sec. 3); and (ii) assuming its appearance, µeL 6= 0, at
temperatures below the chirality flip processes enter equilibrium, T < TRL ∼ 10TeV (Secs. 4
and 5).
In the first scenario such a violation of the lepton number given by Eq. (2.7) leads to
the growth of BAU shown in Fig 1(c) up to the big value ηB ∼ 10−3 − 10−4. We obtained
that estimate for the largest CS wave number k0 = 10
−7TEW surviving ohmic dissipation
in the case of simplest CS wave configuration for BY. Note that decreasing k0 down to
k0 = (10
−13 − 10−14)TEW, we can get the known BAU value ηB ≃ 6 × 10−10 for large scales
of hypermagnetic field, cf. Fig. 1(d).
The maximum right electron asymmetry at the EWPT time, yR(tEW) ≃ 0.3, is not
sufficient to amplify the seed hypermagnetic field B
(0)
Y too much. One can easily estimate from
the dynamo formula (3.5) that even in the case the fastest growth the hypermagnetic field
BY(x) rises a few times only, cf. Fig 1(a). This is a consequence of our choice of the simplest
CS wave configuration of BY. We think that for the 3D–configuration of hypermagnetic field
the dynamo amplification should be stronger n2–times, where n = ±1,±2, . . . is the number
of knots of the tangled BY-field. Moreover, for the chosen CS wave configuration a seed field
B
(0)
Y should be strong from the beginning to influence the growth of the lepton asymmetry
yR and BAU, ηB. The stronger B
(0)
Y the more efficient leptogenesis is (see in Fig. 1).
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Figure 2. Chern-Simons wave configuration for hypermagnetic field BY(t) with the maximum wave
number k0/(10
−7 TEW) = 1 surviving ohmic dissipation. (a) Normalized chemical potential yR =
104× ξeR versus time. (b) Normalized chemical potential yL = 104× ξeL versus time. (c) Normalized
hypermagnetic field versus time. (d) Baryon asymmetry versus time. The solid lines correspond to
B
(0)
Y = 10
20G, the dashed lines to B
(0)
Y = 10
21G, and the dash-dotted lines to B
(0)
Y = 10
22G.
We conclude that for non-helical CS-wave one needs a preliminary amplification of B
(0)
Y
in epoch of inflation to provide both dynamo mechanism and baryogenesis in our causal
scenario in radiation era.
In the more realistic second scenario involving left electrons eL and neutrinos νeL we
get the growth of their asymmetries yL(x) due to the corresponding Abelian anomalies that
become efficient at temperatures T < TRL when inverse Higgs decays provide chirality flip
eR → L = (νeL, eL)T (Sec. 4). We reveal the additional CS term in effective Lagrangian
for the hypercharge field Yµ arising due to polarization mechanism [5] that modifies the
hypermagnetic helicity coefficient in Eq. (4.3) combined from the right and left electron
asymmetries. As a result the growth of yR(x) and ηB(x) reduces comparing with the first
scenario for µeR 6= 0 alone (see in Fig. 2).
The important issue in such scenario is a non-zero difference of lepton numbers, LeR −
LeL 6= 0 at the EWPT time, that can be used as a possible starting value for chiral anomaly
which provides evolution of Maxwellian fields down to temperatures T ∼ 10MeV [10]. The
– 11 –
corresponding difference of asymmetries seen in our Fig. 2(a,b) is estimated at the level
ξeR − ξeL =| ∆µ/TEW |≃ 10−5 for BY0 = 1020 G that is a bit below values ∆µ/TEW seen in
Fig. 1 in Ref. [10].
We missed here the sphaleron wash-out of BAU due to the appearance of left lepton
asymmetries believing as in Ref. [2] that time before EWPT during cooling TRL > T > TEW
is short to evolve such process. We plan to study that effect in future as well as to generalize
our approach for the case of 3D-configuration of hypermagnetic field.
Acknowledgments
We acknowledge Jose Valle and Dmitry Sokoloff for fruitful discussions. MD is thankful to
FAPESP (Brazil) for a grant.
References
[1] D. Grasso and H. R. Rubinstein, Magnetic Fields in the Early Universe Phys. Rept. 348
(2001) 163 [astro-ph/0009061].
[2] B. A. Campbell, S. Davidson, J. Ellis and K. A. Olive, On the baryon, lepton-flavor and
right-handed electron asymmetries of the universe Phys. Lett. B 297 (1992) 118
[hep-ph/9302221].
[3] M. Giovannini and M. E. Shaposhnikov, Primordial Hypermagnetic Fields and Triangle
Anomaly Phys. Rev. D 57 (1998) 2186 [hep-ph/9710234].
[4] A. N. Redlich and L. C. R. Wijewardhana, Induced Chern-Simons terms at high temperatures
and finite densities, Phys. Rev. Lett. 54 (1985) 970.
[5] V. B. Semikoz and J. W. F. Valle, Chern-Simons anomaly as polarization effect, JCAP 11
(2011) 048 [arXiv:1104.3106].
[6] V. B. Semikoz, D. D. Sokoloff and J. W. F. Valle, Is the baryon asymmetry of the Universe
related to galactic magnetic fields?, Phys. Rev. D 80 (2009) 083510 [arXiv:0905.3365].
[7] V. B. Semikoz and J. W. F. Valle, Lepton asymmetries and the growth of cosmological seed
magnetic fields, JHEP 03 (2008) 067 [arXiv:0704.3978].
[8] A. Zee, Quantum field theory in a nutshell, Princeton University Press, Princeton U.S.A.
(2010).
[9] ATLAS collaboration, F. Gianotti, Update on the Standard Model Higgs searches in ATLAS,
talk given at CERN public seminar Geneva Switzerland, December 13, 2011; CMS
collaboration, G. Tonelli, Update on the Standard Model Higgs searches in CMS, talk given at
CERN public seminar Geneva Switzerland, December 13, 2011.
[10] A. Boyarsky, J. Fro¨hlich and O. Ruchayskiy, Self-consistent evolution of magnetic fields and
chiral asymmetry in the early Universe, Phys. Rev. Lett. 108 (2012) 031301 [arXive:1109.3350].
– 12 –
ar
X
iv
:1
11
1.
68
76
v3
  [
he
p-
ph
]  
15
 A
ug
 20
12
Prepared for submission to JCAP
Erratum: Leptogenesis via
hypermagnetic fields and baryon
asymmetry
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There are two kinds of mistakes in our previous work [1]. The values of hypermagnetic
field in eqs. (3.5) and (5.7) coming from eq. (2.12) were not appropriate for the case of
Chern-Simons (CS) wave and the values of baryon asymmetry in eqs. (3.3) and (5.6) were
overestimated due to the incorrect coefficient.
The α2-dynamo formula (2.12) is applicable for an arbitrary 1D-configuration of hyper-
magnetic fields with the wave number k ≃ αY/ηY that, in turn, changes over time through
the lepton asymmetry, k(t) ∼ αY(t) ∼ µeR(t). However, assuming such simplest hypercharge
field configuration as the CS wave, Y0 = Yz = 0, Yx = Y (t) sin k0z, Yy = Y (t) cos k0z, with
the fixed wave number k0 = const, we should use the exact solution of Faraday equation
BY(t) = B
(0)
Y exp
{
k0
∫ t
t0
[αY(t
′)− k0ηY(t′)]dt′
}
, (1)
instead of eq. (2.12). Therefore instead of eq. (3.5) in ref. [1], substituting αY given by
eq. (2.3), one gets
BY(t) = B
(0)
Y exp
{
3.5
(
k0
10−7TEW
)∫ x
x0
[
yR(x
′)
pi
− 0.1
(
k0
10−7TEW
)√
x′
]
dx′
}
, (2)
and instead of eq. (5.7) substituting αmodY given by eq. (4.3) we obtain
BY(t) =B
(0)
Y exp
{
3.5
(
k0
10−7TEW
)
×
∫ x
x0
[
(yR(x
′) + yL(x
′)/2)
pi
− 0.1
(
k0
10−7TEW
)√
x′
]
dx′
}
, (3)
where x = t/tEW ≤ 1 is the dimensionless time and yR,L = 104(µeR,L/T ) ≡ 104ξeR,L are the
lepton asymmetries. One can see from eqs. (2) and (3) that dynamo amplification occurs
negligible even for the maximum wave number k0 = 10
−7TEW for which hypermagnetic field
survives against ohmic dissipation. Thus, figures 1(b) and 2(c) in ref. [1] for BY/B
(0)
Y , based
on incorrect eqs. (3.5) and (5.7), were false and we do not replot them here. As a result,
other plots are almost insensitive to the value B
(0)
Y . Using eq. (2) and differentiating eq. (3.4)
we get, instead of eq. (3.6), the following non-linear second order differential equation, which
we solve numerically,
d2yR
dx2
−B0
(
3.48 × 10−1yR − 1.7 × 10−2 ×B0
√
x
)[dyR
dx
+ Γ0
(1− x)√
x
yR
]
− (dyR/dx+ Γ0(1− x)yR/
√
x)
x3/2(B0x1/2 −A0yR)
(
2B0x−
3
2
A0x
1/2yR −A0x3/2
dyR
dx
)
+ Γ0
(1− x)√
x
dyR
dx
− Γ0
(1 + x)
2x3/2
yR = 0. (4)
The initial conditions for this equation are correct including eq. (3.7).
– 2 –
Using eq. (3) we get, instead of eqs. (5.2) and (5.3),
d2yR
dx2
−B0
(
3.48 × 10−1 × (yR + yL/2)− 1.7 × 10−2 ×B0
√
x
)
×
[
dyR
dx
+ Γ0
(1− x)√
x
(yR − yL)
]
− [dyR/dx+ (Γ0(1− x)/
√
x)(yR − yL)]
x3/2[B0x1/2 −A0(yR + yL/2)]
×
(
2B0x−
3
2
A0x
1/2(yR + yL/2)−A0x3/2
[
dyR
dx
+
1
2
dyL
dx
])
+ Γ0
(1− x)√
x
(
dyR
dx
− dyL
dx
)
− Γ0
(1 + x)
2x3/2
(yR − yL) = 0, (5)
d2yL
dx2
+
B0
4
(
3.48 × 10−1 × (yR + yL/2)− 1.7 × 10−2 ×B0
√
x
)
×
[
dyR
dx
+ Γ0
(1− x)√
x
(yR − yL)
]
+
1
4
[dyR/dx+ (Γ0(1− x)/
√
x)(yR − yL)]
x3/2[B0x1/2 −A0(yR + yL/2)]
×
(
2B0x−
3
2
A0x
1/2(yR + yL/2)−A0x3/2
[
dyR
dx
+
1
2
dyL
dx
])
+ Γ0
(1− x)
2
√
x
(
dyL
dx
− dyR
dx
)
− Γ0
(1 + x)
4x3/2
(yL − yR) = 0, (6)
obeying the same initial conditions (5.4) and (5.5). We show in figure 2(a,b) the evolution
of lepton asymmetries yR,L(x) given by solutions of eqs. (5) and (6) instead of figures 2(a,b)
in ref. [1].
We correct also wrong values of the baryon asymmetries (BAU) in eqs. (3.3) and (5.6) in
ref. [1], where the number of relativistic degrees of freedom, g∗ = 106.75, was not accounted
for in the denominator. It led to the incorrect plots in figure 1(c,d) and in figure 2(d)
correspondingly. The correct expressions read
ηB(x) = 1.068 × 10−6
∫ x
x0
dx′
{
dyR(x
′)
dx′
+ Γ0
(1− x′)√
x′
yR(x
′)
}
, (7)
instead of eq. (3.3) in scenario with right electron asymmetry yR = 10
4 × (µeR/T ) evolution
and
ηB(x) = 5.34× 10−7
∫ x
x0
dx′
{
dyR(x
′)
dx′
+ Γ0
(1− x′)√
x′
[
yR(x
′)− yL(x′)
]}
, (8)
instead of eq. (5.6) in scenario when both lepton asymmetries yR and yL = 10
4 × (µeL/T )
evolve.
Below using the numerical solution of eq. (4) for yR(x) shown here in figure 1(a) we
replot figure 1(c) in ref. [1] as figure 1(b) given by eq. (7) for the same maximum wave number
of the Chern-Simons wave k0 = 10
−7T . We replot also figure 1(d) in ref. [1] as new figure 1(c)
given by eq. (7) changing k0 = 10
−14T used in ref. [1] to k0 = 10
−12T . Such wave number
provides observable BAU at t = tEW, ηB ∼ 10−10.
We also present BAU evolution in figure 2(c,d) instead of figure 2(d) in ref. [1] using
here the correct eq. (8) based on the solution of eqs. (5) and (6) for asymmetries yR,L(x). The
curves in figure 2(c) are plotted for the same k0 = 10
−7T and in figure 2(d) for k0 = 10
−11T .
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Figure 1. (a) Normalized chemical potential yR = 10
4 × ξeR versus time. (b) Baryon asymmetry
versus time. Panels (a) and (b) are built for k0/(10
−7 TEW) = 1. The solid lines correspond to
B
(0)
Y = 10
20G, the dashed lines to B
(0)
Y = 10
21G, and the dash-dotted lines to B
(0)
Y = 10
22G. (d)
Baryon asymmetry versus time for the small wave number k0/(10
−7 TEW) = 10
−5 and B
(0)
Y = 10
20G.
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Figure 2. (a) Normalized chemical potential yR = 10
4 × ξeR versus time. (b) Normalized chemical
potential yL = 10
4 × ξeL versus time. (c) Baryon asymmetry versus time. Panels (a)-(c) are built for
k0/(10
−7 TEW) = 1. The solid lines correspond to B
(0)
Y = 10
20G, the dashed lines to B
(0)
Y = 10
21G,
and the dash-dotted lines to B
(0)
Y = 10
22G. (d) Baryon asymmetry versus time for the small wave
number k0/(10
−7 TEW) = 10
−4 and B
(0)
Y = 10
20G.
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